A novel experimental method is presented to determine the optical efficiency and the loss channels of a luminescent solar concentrator (LSC). Despite strong promise, LSCs have not yet reached their full potential due to various mechanisms affecting the device's optical efficiency. Among those loss channels, escape cone and non-unity quantum yield losses are generally the most dominant. To further advance the field of LSCs, it is vital to understand the impact of each independently. So far, researchers have only characterized the total loss in LSCs. Here, an experimental method is proposed to separate the contribution from each individual loss channel. The experimental apparatus is the same as used for quantum yield measurements of fluorophores in solid samples. Therefore, the setup is commonly available to research groups already involved in LSC research. The accuracy of this method is demonstrated by comparing the experimental results with Monte-Carlo ray tracing. Our experimental method can have a strong impact on LSC research as it offers a means to unveil the loss channels of LSCs in addition to the optical efficiency.
Introduction
Luminescent solar concentrators (LSCs) offer an encouraging means to include solar energy to the built environment; they concentrate sunlight without the need for expensive tracking equipment and their design makes them suitable as windows. LSCs are composed of a transparent matrix material, generally a slab of poly(methyl methacrylate) (PMMA), which is doped with fluorophores to absorb the incoming sunlight. The absorbed energy is then emitted at a longer wavelength and, given the emission falls outside of the escape cone, trapped through total internal reflection within the slab of PMMA. Light that is guided towards the sides of the slab is converted into electricity by solar cells. The share of photons concentrated towards the sides of the LSC is denoted the optical efficiency of the device.
Though invented in the late 70s [1, 2] , LSCs still exhibit limited efficiencies mainly due to two loss channels: (1) photons emitted by a fluorophore within the escape cone and lost through the front and back surfaces of the LSC, and (2) photons absorbed by a fluorophore and lost due to a non-unity quantum yield. Both loss channels are further aggravated by re-absorption which is due to the overlap of the absorption and emission spectra of the fluorophore. Additionally, fluorophores such as organic dye molecules often have a narrow absorption band which results in a large share of the solar spectrum not being absorbed at all. To enhance the efficiency of LSCs, it is crucial to determine which loss channel deteriorates the performance of the LSC. While the wavelength band absorbed by the fluorophore can be determined with absorption measurements, it is less straightforward to experimentally investigate the extent to which escape cone and quantum yield losses degrade the performance of the LSC.
Different methods have been proposed to experimentally measure the optical efficiency of a LSC. The side surface emission of a LSC can be collected via an aperture in an integrating sphere while the illuminated front surface remains outside the integrating sphere [3] [4] [5] [6] [7] . If the whole sample is placed within the integrating sphere, one can determine the optical efficiency by selectively blocking the side surface emission using a black tape or marker [8] [9] [10] [11] [12] [13] . Side surface emissions can also be measured using a fiber with a cosine corrector as a probe that is held against the respective side surface [14] . However, none of these proposed methods reveal the fate of the lost photons; whether they are lost due to a non-unity quantum yield or escape cone losses. In this work we present, to the best of our knowledge, for the very first time a method to experimentally determine and distinguish these two important loss channels for LSCs. This will allow researchers to better understand the limitations of their designs and to more effectively improve LSC efficiency for building-integrated photovoltaics.
Bragg mirrors or aligned fluorophores are means to enhance the trapping efficiency within a LSC [15] [16] [17] . Our method can determine the reduction in escape cone losses achieved by such a prototype LSC. It was also proposed to link and align different fluorophores to enhance the trapping efficiency and separate the absorption and emission process [6, [17] [18] [19] . In addition to quantifying the reduction in escape cone losses, our method is also able to measure the potential change in non-unity quantum yield losses; the linking of fluorophores could deteriorate or even improve the quantum yield of the involved fluorophores. Previous methods are only able to determine the total loss which in some cases remains constant, e.g. when the reduction in escape cone losses and the change in non-unity quantum yield losses cancel each other out.
The photon paths within a LSC, which our experimental method is able to distinguish between, are shown in Fig. 1(a) . An incoming photon is either reflected off the top surface, not dye absorbed, or absorbed by a fluorophore. After the initial absorption, the photon is either concentrated to the side surfaces, lost via the escape cone, or lost due to a non-unity quantum yield. LSCs fabricated for this study are doped with four different dye molecules which are shown in Fig. 1(b) . Optical measurements are compared to Monte-Carlo ray tracing simulations which show very good agreement.
Theory
In this section, the theoretical background and the experimental setup of our novel experimental method to determine the efficiency and loss channels of a LSC are presented. The experimental method is based on the most common approach to determine the quantum yield of fluorophores incorporated in solid samples such as a slab of PMMA [20] . A monochromatic light source illuminates an integrating sphere that is connected to a spectrometer via a fiber cable. As shown in Fig. 2 , five different configurations are necessary of which the first three are the same as used for quantum yield measurements [20] .
In the first configuration (I) no LSC sits within the integrating sphere and only the incoming monochromatic light source is measured. For the second configuration (II) the LSC is placed within the integrating sphere and the incoming beam misses the LSC initially; thus only light scattered off the surface of the integrating sphere is absorbed by the LSC. The third configuration (III) is similar to the second one but the incoming beam now directly impinges on the LSC. For the remaining two configurations, (IV) and (V), the side surfaces of the LSC are blackened with a black Fig. 1 . (a) Fate of photons our experimental model is able to distinguish. After the initial absorption, a photon is either concentrated to a side surface with probability θ, lost via the escape cone with probability κ, or lost due to a non-unity quantum yield with probability δ. To take into account the initial absorption, the three probabilities have to be multiplied with σ λ ( ), the probability that an incoming photon is absorbed. marker to avoid transmission and total internal reflection. Otherwise the configurations in (IV) and (V) are the same as in (II) and (III) respectively. The black marker used prevents transmission and total internal reflection by at least 99% over the wavelength range of interest (see Supplementary Material).
In each configuration the integrated photon fluxes (the areas under the measured spectra) of the unabsorbed incoming beam and the emitted light are denoted L and P, respectively. The quantum yield of a fluorophore is given by the number of emitted photons divided by the number of absorbed photons. Similarly, the optical efficiency of a LSC is the number of photons reaching the side surfaces divided by the number of photons incident on the LSC. Therefore, the integrating sphere setup has to be calibrated so that the measured spectra are proportional to photon counts.
Once a photon is absorbed within the LSC, there are three possible outcomes (see also Fig. 1(a) ): (1) the photon reaches the side surfaces with probability θ, (2) the photon is lost via the escape cone through the front and back surfaces with probability κ, or (3) the photon is lost due to a non-unity quantum yield with probability δ. Additionally, we differentiate between photons absorbed from the incoming beam before it is scattered off the integrating sphere surface (subscript i) and absorbed photons that were scattered off the integrating sphere surface first (subscript s). Thus i θ is the probability that a photon absorbed from the initial incoming light beam will reach one of the side surfaces of the LSC.
The probability θ can be denoted the internal optical efficiency as it only considers absorbed photons, while the optical efficiency of an LSC compares the number of photons reaching the side surfaces to all photons impinging on the front surface of the LSC. Using the internal optical efficiency has the advantage that it is independent of the incoming light beam's wavelength which will be shown in Section 4. This independence is a consequence of both Kasha's and the Kasha-Vavilov rules which state that the emission spectrum and the quantum yield are generally independent of the excitation wavelength [21] .
Our experimental method does also take into account host absorption. The probability δ includes not only non-unity quantum yield losses but also host absorption losses. However, the number of photons lost due to host absorption is generally very small compared to the number of photons lost due to a non-unity quantum yield (see Supplementary Material). For all investigated LSC designs, host absorption accounts for less than 1% of all absorbed photons. For larger LSCs host absorption losses will increase but so will non-unity quantum yield losses. Therefore, δ will generally be mostly comprised of non-unity quantum yield losses. There exist two different, though related, methods to determine the quantum yield of a fluorophore in solid samples using an integrating sphere [20, 22] . Both can be used to derive the equations that will determine θ, κ and δ. The first one, the standard method, is the most common method to measure the quantum yield of a fluorophore and requires configurations (I), (II), and (III) [20] . A more recent method, the simplified one, only requires configurations (I) and (III) to measure the quantum yield of a fluorophore [22] . With the help of configurations (IV) and (V) our novel experimental method can additionally determine the internal optical efficiency and loss channels of a LSC which will be shown in the following two sections.
Standard method
In configurations (III) and (V) the incoming light beam first impinges on the LSC. Let A L L 1 /
III II
= − be the share of the incoming light beam that is absorbed by the LSC [20] . The remaining unabsorbed incoming light beam will be scattered off the integrating sphere surface and be absorbed by the LSC with 20] . Then the integrated LSC emissions for configurations (II) to (V) are given by
For configuration (III), the first part on the right-hand side corresponds to the light absorbed from the incoming light beam while the second part corresponds to the scattered light that is absorbed. In configurations (II) and (IV) the incoming light beam misses the LSC and thus only scattered light is absorbed by the LSC. As the side surfaces are blackened out in configurations (IV) and (V), only the escape cone losses through the front and back surfaces (κ) contribute to the spectra. By assuming that the position where the light is scattered off the integrating sphere surface is not crucial, one can write the measured spectrum due to absorbed scattered light in configurations (III) and (V) as follows [20] :
Combining Eqs. (1) and (2) 
The probability that a photon is lost due to a non-unity quantum yield can be determined by considering that 1
(3) and (4) are the main results of this work as they determine the internal optical efficiency, the escape cone losses and the non-unity quantum yield losses of the LSC investigated. This work is the first to present a single method that can determine the efficiency and loss channels of a LSC. Eq. (3) is equal to the formula that determines the quantum yield of the fluorophore [20] :
This is intuitive as the probability of light lost via the escape cone through the front and back surfaces combined with the probability of light being emitted through the side surfaces as a function of absorbed photons is equal to the quantum yield of the fluorophore (assuming neglectable re-absorption). Re-absorption of emitted photons can falsify the quantum yield calculation in Eq. (5) though; the re-absorption can be taken into account by comparing the observed emission spectrum with the spectrum of a single emission event [23] . This is not necessary for Eqs. (3) and (4) as re-absorption and subsequent escape cone and non-unity quantum yield losses are, unfortunately, part of a LSC performance metric. Second order re-absorption (emitted photons that escape from the LSC, reflect off the integrating sphere and are absorbed again by the LSC) could potentially amend the results; however, as shown in the Supplementary Material, the error is less than 0.5% for the investigated LSCs.
Simplified method
The standard method uses 3 configurations to measure the quantum yield [20] . However, as shown recently, only two configurations -(I) and (III) -are necessary to determine the quantum yield of a fluorophore using an integrating sphere [22] . Similarly, it is sufficient to use configurations (I), (III) and (V) to determine the internal optical efficiency and loss channels of the LSC. The simplified quantum yield measurement technique was presented using a theoretical framework elsewhere [22] . We extend this framework to derive formulas for the LSC metrics. Moreover, we experimentally validate this simplified quantum yield measurement technique by comparing it to the standard quantum yield measurement technique.
The total absorption (absorption of the incoming beam and the scattered light) in configuration (III) is given by B L L 1 / III I = − . Then the quantum yield of the fluorophore N η , the internal optical efficiency N θ and the escape cone losses N κ can be written as
Eqs. (6) and (7) form part of our experimental method and are equivalent to Eqs. (3) and (4), respectively. In contrast to the standard method only three instead of five configurations are necessary. With either method, the optical efficiency and loss channels of a LSC can be determined. This simplified method is particularly useful for low light levels which can be due to either a low concentration or a low quantum yield of the fluorophore. In both cases the measured emission spectra in configurations (II) and (IV) can be quite low and thus be dominated by noise which can cause the derived quantum yield to be erroneous. If the sample does not suffer from low light levels, the standard and simplified methods agree very well though which will be shown below. However, if this simplified approach is applied, one cannot distinguish between the response of the LSC to the incoming light beam and the scattered light. This has little impact though, as the absorption of the incoming light beam accounts for the majority of the total absorbed power.
Optical efficiency
Once the internal optical efficiency θ has been determined, the optical efficiency opt η of a LSC can be calculated. The optical efficiency is equal to the number of photons reaching the side surfaces divided by the number of photons impinging on the front surface of the LSC. Thus, it also takes into account reflections at the front surface and photons that are not absorbed by the fluorophores. The internal optical efficiency θ denotes the probability of a photon reaching a side surface after a photon of the incoming beam has been absorbed. Thus, the internal optical efficiency just has to be multiplied with the probability that a photon of the incoming light beam is absorbed within the LSC. This will yield the optical efficiency which is given by
where σ λ ( ) is the share of incoming light that is absorbed by the LSC at wavelength λ. The probability of absorption is dependent on wavelength as it is a function of the absorption cross section of the fluorophore. The probability of absorption can be determined using an absorbance measurement of the LSC. Similar to Eq. (8), the escape cone and non-unity quantum yield losses relative to all incident photons can be calculated as well. To recap, the optical efficiency and the loss channels of a LSC with their respective probabilities are depicted in Fig. 1(a) .
Experimental section

Materials
Methyl methacrylate (MMA, Sigma Aldrich) and 2, 2 Azobis 2 methylpropionitrile ′ − ( − ) (AIBN, Sigma Aldrich) are used as monomer and radical initiator respectively. Poly(methyl methacrylate) (PMMA) was supplied by Lucite. Coumarin 6 and Rhodamine 6G were purchased from Sigma Aldrich, while Pyrromethene 567 was acquired from Exciton. Lumogen R305 was made available by BASF.
LSC device fabrication
First, the desired quantity of dye molecules is dissolved in MMA using a magnetic stirrer. Then the solution is heated to 60°C and the PMMA is added at a 9:1 (MMA:PMMA) weight ratio. Once the PMMA is dissolved, the solution is quenched and 0.8 wt% of AIBN is added. Subsequently, the mixture is poured into a mold which is placed in a water bath at 60°C for 18 h. To post-cure the sample, it is put into the oven at 80°C for 2 h and at 100°C, 110°C, and 120°C for 1 h each. Samples are cut to size using a laser cutter (Universal Laser Systems) and the side surfaces are polished.
Optical characterization
The absorbance measurements of the doped LSCs are performed using a UV-vis spectrophotometer (Shimadzu). A second UV-vis spectrophotometer (PerkinElmer) was used to measure the reflection and transmission of undoped LSCs. To determine the emission profile of the different dye molecules in PMMA, low concentration samples (Coumarin 6: 4 10 mol L × − − ) are used to avoid re-absorption. The emission measurements were taken using a fluorescence spectrometer (Edinburgh Instruments). The equipment used to measure the quantum yield and the internal optical efficiency is shown in Fig. 2 . The integrating sphere (Mulansphere) is illuminated by a 100 W quartz tungsten halogen lamp (Oriel Instruments) that is connected to a monochromator (Oriel Instruments). Light is coupled from the monochromator to a fiber cable and collimated into the integrating sphere with the help of a collimating lens (Ocean Optics). A fiber cable connects the integrating sphere to a CCD spectrometer (Ocean Optics). Our integrating sphere has a diameter of 50 cm and thus would be able to accommodate most LSCs fabricated for research purposes [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] 24 ].
Results and discussion
In this section we present our experimental results and compare them to Monte-Carlo ray tracing, a simulation method already previously used to model LSCs [25, 17] . Table 1 shows the different LSC designs investigated in this work and their measured quantum yields. To take into account re-absorption and its impact on the measured quantum yield, the emission profile of one single emission event is compared to the measured emission profile [23] . All LSCs have a size of 60 60 5 mm 3 × × . The LSCs were fabricated using methyl methacrylate (MMA) as monomer and a standard water-bath method which is outlined in Section 3. For each LSC three independent quantum yield and internal optical efficiency measurements were performed.
The quantum yield of Lumogen R305 is measured to be around 95% which closely matches previous findings [24, 26, 27] . The quantum yield only shows a weak dependence on concentration and the measurements agree well for both methods. For Rhodamine 6G the quantum yield measurements vary between 71% and 76% depending on the concentration and the method. This range agrees very well with earlier work at the concentrations investigated [28] . Rhodamine 6G measurements are only available at low concentrations as the dye has a low solubility in MMA. At these low concentrations the measured signal strength of the dye emission inside the integrating sphere is low and thus more prone to be noisy. As a result, the two methods do not agree as well as for the other dye molecules. Coumarin 6 demonstrates the highest quantum yield among all measured dyes. A near-unity quantum yield is found which shows only a slight dependence on concentration. This is higher than the often reported quantum yield of 78% for Coumarin 6 in ethanol [29] . However, it was found that Coumarin 6 -and other Coumarin dyes -show a higher quantum yield within a rigid matrix such as PMMA which is confirmed by our measurements [30, 31] . Pyrromethene 567 also has a very high quantum yield of around 95% which is in the range of previous quantum yield measurements in different solvents [32] . Similar to Coumarin 6 and Lumogen R305, the quantum yield of Pyrromethene 567 decreases only marginally with increasing concentration. Table 1 also shows the quantum yields adapted for the ray tracing simulations. For most LSCs it would make no difference if we would use the quantum yield measured using the standard or the simplified method as they match so closely. Only for low concentrations both methods disagree slightly. In such a case we chose to use the simplified method's result as it does not take into account configurations (II) and (IV) which could potentially have a low signal-to-noise ratio at low concentrations. Fig. 3 shows the spectral output of all five configurations for the LSC doped with Coumarin 6 at a concentration of 10 mol L 4 1 − − . The experimental measurements and ray tracing results are in very good agreement; in both cases the peak emission wavelength in configuration (III) is red-shifted by 10 nm compared to configuration (V). Photons emitted through the side surfaces of the LSC have to travel longer distances through the LSC compared to the front and back surfaces. As a result, they are more likely to be reabsorbed and red-shifted. In configuration (V) photons concentrated to the side surfaces are absorbed by the black layer and do not contribute to the measurement which explains the missing red-shift in spectrum (V). A similar peak emission wavelength shift can be observed from configuration (IV) to (II). Fig. 4 shows the internal optical efficiency θ, the escape cone losses κ and the non-unity quantum yield losses δ for all LSC designs in Table 1 . The experimental results are derived using Eqs. (3) and (4) -standard method -or Eqs. (6) and (7) -simplified method. Experimental results match ray tracing simulations very closely confirming that our proposed experimental method accurately predicts the efficiency and loss channels of LSCs. For the ray tracing simulations the quantum yields stated in Table 1 are used for the respective concentrations; for concentrations in-between the quantum yield is linearly interpolated. The experimental results are represented via two error bars: the first error bar covers the internal optical efficiency of the three independent Table 1 Investigated LSC designs with their respective fluorophore concentrations and measured quantum yields. The experimental quantum yield measurements are shown using both the standard and the simplified method. The quantum yields used for the ray tracing simulations are reported as well. − . Both plots show the same spectral data with (a) depicting the signal from the excitation source and the LSC emission and (b) focusing on the LSC emission only. Configuration (I) is black, (II) is orange, (III) is blue, (IV) is red, and (V) is brown. For the ray tracing simulations the LSC was excited by a single wavelength and only the emission from the LSC is shown. Ray tracing and experimental measurements were normalized with a constant so that the maximum values of spectra (III) are equal to unity. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.) measurements for each LSC and the second error bar covers the sum of the internal optical efficiency and the escape cone losses. Since the quantum yield losses are assumed to be unity minus the other loss channels, there is no need for a third error bar.
The metrics are quite stable ( concentration as the quantum yield is marginally lower ( 59% θ ∼ , 36.5% κ ∼ , 4.5% δ ∼ ); additionally, the peak emission wavelength is red-shifted by 11.6 nm compared to the 10 mol L 4 1 − − sample. This indicates stronger re-absorption which aggravates escape cone and non-unity quantum yield losses. The error bars for the Coumarin 6 sample are slightly wider than for the other dye molecules as Coumarin 6 is emitting furthest to the blue part of the spectrum. The excitation source, a quartz tungsten halogen lamp, becomes weaker and the CCD spectrometer's sensitivity decreases towards the blue. As a result, the integration time of the spectrometer needs to be increased which lowers the signal-to-noise ratio.
For Lumogen R305 the internal optical efficiency decreases from 59.5% ∼ to 52.5% ∼ while increasing the concentration from 10 ppm to 150 ppm. While escape cone losses account for the larger share of the total loss ( 36% ∼ at all concentrations), the nonunity quantum yield losses make up for the lowering internal optical efficiency by increasing from 4% ∼ to 12.5% ∼ . It was shown previously that escape cone losses of LSCs doped with Lumogen R305 are independent of concentration and around 40% which matches our results closely [33] .
Due to the lower quantum yield, Rhodamine 6G doped LSCs depict a substantially lower internal optical efficiency than Coumarin 6 1 − − ). Non-unity quantum yield losses are not only the main contributor to a decreasing internal optical efficiency but also exceed escape cone losses starting from the lowest concentration.
The internal optical efficiency of the Pyrromethene 567 LSCs drops off stronger with concentration than the Coumarin 6 LSCs. At a concentration of 10 mol L 5 1 − − the internal optical efficiency is measured to be around 57% which is comparable to the value achieved by the Coumarin 6 sample. However, the internal optical efficiency decreases to 39.9%
∼ at a concentration of 10 mol L
. This is partly due to the quantum yield of Pyrromethene 567 being slightly lower than the one of Coumarin 6; additionally, the Stokes shift of Pyrromethene 567 (14 nm) is less than half than the one of Coumarin 6 (35 nm) which will aggravate re-absorption, in particular at higher concentrations.
To demonstrate that the internal optical efficiency is independent of the incoming beam's wavelength, we varied the wavelength at which the incoming beam has its peak intensity. The LSC doped with Lumogen R305 at a concentration of 60 ppm was used for this measurement and the incoming wavelength was varied from 430 nm till 530 nm in 20 nm steps. The FWHM of the incoming beam was set to 10 nm to minimize the spectral overlap of the different incoming beams. Fig. 5 shows the measured quantum yield and LSC metrics as a function of incident wavelength. The quantum yield and the three LSC metrics remain stable while varying the wavelength of the incoming beam. Additionally, both methods agree very well.
Commonly, a solar cell is attached to only one side of the LSC instead of all four sides to limit the usage of expensive solar cell material [34] [35] [36] . In this case, one is interested in the share of photons reaching a particular side of the LSC. Our method has to be adjusted only slightly to account for that. In configurations (IV) and (V) only one side of the LSC should be covered with black marker; otherwise the measurements and calculations remain the same. Similarly, one can determine the share of photons reaching two or three sides. Fig. 6 shows the performance of the three Pyrromethene 567 LSCs with one, two, three and all four sides covered. Using a ternary plot, it becomes even more evident that the additional losses incurred due to a higher concentration are mostly due to non-unity quantum yield losses. Using fewer side surfaces though will almost exclusively aggravate escape cone losses. If a side surface is not covered with black marker, some of the photons previously being absorbed by the black marker -and thus considered to have reached the side surface/solar cell -will now leave the LSC through the side surface. Even though the photons leave the LSC via the side surface they contribute to escape cone losses as this particular side surface is not blackened and thus is not considered to have a solar cell attached.
As described in Section 2.3, once the internal optical efficiency and the loss probabilities have been measured relative to all absorbed photons for a LSC, the performance of the LSC relative to all incident photons can be determined using Eq. (8) and an absorbance measurement of the LSC. Fig. 7 depicts the fate of incoming photons as a function of wavelength for the Lumogen R305 LSC at 60 ppm. The photons are either (1) reflected off the front surface, (2) not absorbed by a fluorophore, (3a) absorbed and lost due to a non-unity quantum yield, (3b) absorbed and lost due to escape cone losses, or (3c) absorbed and concentrated towards one of the side surfaces. Unlike the internal optical efficiency, the optical efficiency of a LSC is dependent on wavelength as it is a function of the absorption cross section of the fluorophore.
Conclusion
We have presented a novel method to measure the performance and the loss mechanisms of a LSC. The validity of our method is verified by comparing it with ray-tracing results which match the experimental findings closely. The method enables researchers for the very first time to clearly distinguish between escape cone losses and non-unity quantum yield losses which are the main loss channels for LSCs. We have also shown that our proposed metrics are independent of the incoming wavelength which reduces the number of required measurements significantly. By simply multiplying our metrics with the absorption Fig. 5 . Dependence of quantum yield (blue), internal optical efficiency (brown), escape cone losses (orange) and non-unity quantum yield losses (red) on excitation wavelength. Comparison between the standard (circles) and the simplified methods (crosses). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.) of the LSC, the response of the LSC over the entire wavelength spectrum of interest is derived. If the equipment to measure the quantum yield of fluorophores in a solid sample is available, a research facility will find itself fully equipped to measure the optical efficiency and losses of LSCs. Therefore, our proposed method will have an immediate and positive impact on LSC research.
Recently, a new technique was proposed to measure the quantum yield of fluorophores that only requires two configurations [22] . In addition to presenting our experimental method, we have experimentally validated this new quantum yield measurement technique for the very first time by comparing the results to the most common technique to measure the quantum yield [20] . This finding is not only of importance for the field of LSCs but for researchers in various fields as quantum yield measurements are vital in multiple areas of science.
